Abstract. Sulphuric acid concentrations were measured and calculated based on pseudo steady state model with corresponding measurements of CO, NO x , O 3 , SO 2 , methane and non-methane hydrocarbon (NMHC) concentrations as well as solar spectral irradiance and particle number concentrations with size distributions. The measurements were performed as a part of the EU project QUEST (Quantification of Aerosol Nucleation in the European Boundary layer) during an intensive field campaign, which was conducted in Hyytiälä, Finland in March-April 2003. In this paper, the closure between measured and calculated H 2 SO 4 concentrations is investigated. Besides that, also the contribution of sulphuric acid to nucleation mode particle growth rates is studied. Hydroxyl and hydroperoxy radical concentrations were determined using a pseudo steady state box model including photo stationary states. The maximum midday OH concentrations ranged between 4.1×10 5 to 1.8×10 6 molecules cm −3 and the corresponding values for HO 2 were 1.0×10 7 to 1.5×10 8 molecules cm −3 . The dominant source term for hydroxyl radicals is the reaction of NO with HO 2 (56%) and the reaction of CO with OH covers around 41% of the sinks. The sulphuric acid source term is the reaction SO 2 with OH and the sink term is condensation of sulphuric acid. The closure between measured and calculated sulphuric acid concentrations is achieved with a high agreement to the measured values. In sensitivity studies, we used different values for the non-methane hydrocarbons, the peroxy radicals and nitrogen dioxide. The best fits between calculated and measured values were found by decreasing the NO 2 concentration when it exceeded values of 1.5 ppb and doubling the non-methane hydrocarbon concenCorrespondence to: M. Boy (michael.boy@helsinki.fi) trations. The ratio, standard deviation and correlation coefficient between measured and calculated sulphuric acid concentrations are 0.99, 0.412 and 0.645, respectively. The maximum midday sulphuric acid concentrations varied between 3×10 5 to 1.9×10 7 molecules cm −3 for the measurements and 3×10 5 to 1.4×10 7 molecules cm −3 for the calculations, respectively. An average participation of sulphuric acid to the nucleation mode particle growth rates is 8.8%. Classifying the days into two groups -"polluted" days with air masses originated over Central Europe or UK, and "cleaner" days with air masses originated over the Northern Atlantic or the Polar regions -reflects an equal sulphuric acid contribution to the aerosol growth in both air mass classes.
Introduction
Aerosol particles are ubiquitous in the Earth's atmosphere and influence our quality of life in many different ways. In urban environments, aerosol particles can affect human health through their inhalation (Wichmann and Peters, 2000; Stieb et al., 2002) . In a global troposphere, and particularly downwind from major pollution sources, aerosol particles are thought to contribute to climate change patterns (Ramanathan et al., 2001; Menon et al., 2002) . Understanding these effects requires detailed information on how aerosol particles enter the atmosphere and how they are transformed before being removed by dry or wet deposition. Key processes in this respect are the formation of new atmospheric particles and their subsequent growth to larger sizes.
In recent years the formation and growth of nanometersize atmospheric aerosol particles have been observed at many different sites. These measurements have been performed on ships, aircraft and fixed sampling sites during both intensive campaigns and continuous ground-based measurements. From measured size distributions one can infer the particle growth rate, whereas from measured number concentrations an apparent source rates of 3 nm (or 10 nm or 15 nm) particles is obtained. Globally, the formation of new particles and their subsequent growth seem to occur almost everywhere (Kulmala et al., 2004a) .
Sulphuric acid is the best candidate as regards the ability of individual molecules to produce new particles in the atmosphere Kulmala et al., 2004a) . It will participate in binary, ternary and ion induced nucleation. A technique for the measurement of gas phase sulphuric acid at concentrations as low as 10 4 cm −3 is available (Eisele and Tanner, 1993) . However, it is still very rare that sulphuric acid is measured in relation to atmospheric aerosol formation (Kulmala et al., 2004a) .
Within the framework of the EU project QUEST (Quantification of Aerosol Nucleation in the European Boundary layer), continuous measurements of aerosol size distributions and three intensive field campaigns in Finland (Hyytiälä), Italy (San Pietro Capofiume) and Ireland (Mace Head) were carried out. During the campaign in Hyytiälä (17 March to the 13 April 2003), besides many other parameters, sulphuric acid concentrations were measured continuously on 21 days. Sulphuric acid is one participant of ternary nucleation by H 2 O, NH 3 and H 2 SO 4 (Korhonen et al., 1999) , one of the most common proposed mechanisms for atmospheric nucleation in the planetary boundary layer .
Although the precursors for sulphuric acid (at least some of them), as well as the condensation sink, have been measured in several places, the closure between measured and calculated sulphuric acid concentrations has been investigated rarely (Weber et al., 1997 and Eisele et al., 1993) . In this paper we calculated sulphuric acid concentrations using a pseudo steady state box model including photo stationary states (see Seinfeld and Pandis, 1998 ). Here we focus on a comparison between field measurements and model calculations of sulphuric acid concentrations using the data obtained in the field campaign in Hyytiälä. We also investigate the contribution of sulphuric acid to the growth rate of nucleation mode particles. Therefore, hydroxyl and hydroperoxy radical concentrations were calculated with the input values of different gases measured during the campaign. We focused hereby only on daytime chemistry, because no nighttimes measurements of NO 3 are available and second because the formation of new particles and high growth rates appear only during daylight (Boy et al., 2003) .
Experiment

SMEAR II
Data were collected at the Station for Measuring Forest Ecosystem-Atmosphere Relations (SMEAR II) in Hyytiälä, Finland.
The station is located in Southern Finland (61 • 51 N, 24 • 17 E, 181 m a.s.l.), with extended areas of Scots Pine (Pinus sylvestris) dominated forests. The conditions at the site are typical for a background location. However, the station buildings (0.5 km away) and the city of Tampere (60 km away -both located in a west-south-west direction from the instruments, 215-265 • ) occasionally polluted measurements.
In the framework of this work measurements of spectral solar irradiance, different gas concentrations (O 3 , H 2 O, NO, NO x , CO and SO 2 ), temperature, humidity, winddirection, particle number concentration and size distribution were taken into account. For a more detailed description of SMEAR II and instrumentation, we refer to Kulmala et al. (2001) and http://www.honeybee.helsinki.fi/smear/.
Gaseous sulphuric acid measurements
Sulphuric acid was measured by a chemical ionization mass spectrometer apparatus (CIMS) built by MPI-K Heidelberg. The instrument is essentially the same as the one used for measurements of atmospheric OH, HO 2 and RO 2 radicals except for the chemical conversion parts (Hanke et al., 2002) . In brief, the CIMS used in QUEST 2 consists of four major elements including an ion trap mass spectrometer, a flow reactor, an ion source, and an H 2 SO 4 -source used for calibration. Atmospheric air is passed through the flow reactor (at ambient atmospheric pressure). Reagent ions of the type NO 3 -(HNO 3 ) n (with n being mostly 1) are produced in the ion source and subsequently introduced into the flow reactor. There these ions undergo ion-molecule reactions of the type NO 3 -(HNO 3 ) n +H 2 SO 4 →HSO 4 -(HNO 3 ) n +HNO 3 whose rate coefficients are close to the ion-molecule collision rate coefficients. Using the mass spectrometer the abundance ratio of product and reagent ions is measured. Building on this ion abundance ratio the H 2 SO 4 -concentration in the flow reactor is determined. The latter is typically only about 50% of the ambient atmospheric sulphuric acid concentration due to H 2 SO 4 -losses to the walls of the sampling line and the flow reactor. In order to quantify these H 2 SO 4 -losses an H 2 SO 4 -source is used for careful calibrations. Also carefully determined is the H 2 SO 4 -background signal of the CIMS-instrument, which dictates the H 2 SO 4 -detection limit.
During QUEST 2 the H 2 SO 4 -detection limit was as low as about 1×10 5 molecules cm −3 corresponding to an atmospheric mole fraction of 4×10 −15 . The time-resolution of the sulphuric acid measurements was better than one second but usually sulphuric acid concentrations were integrated over 100 s to reduce the statistical error. The absolute uncertainty of the measured H 2 SO 4 -concentration is plus or minus 31%. A paper addressing in detail the CIMS used and the H 2 SO 4 -measurements made during the QUEST 2 campaign is in preparation (Sellegri et al., 2005) .
Methane
Methane concentration was measured with a tunable diode laser trace gas analyser (TDL TGA100, Campbell Scientific Inc., USA) during the QUEST 2 campaign. The measurement system consisted of a TDL TGA100 and an ultrasonic 3-D anemometer (Solent 1012, Gill Ltd., Lymington, Hampshire, England). The sample air was drawn to the TDL at 50-60 mbar pressure through a PD1000 drier (Perma pure Inc.) and a 10 m long sample tubing at a flow rate of 3 l min −1 . The measurements were conducted at 10 Hz frequency. The TDL was calibrated once during the campaign with calibration gases containing 0.004 ppm and 1.831 ppm of CH 4 . Methane measurements were conducted from 28 March to 23 April.
The average CH 4 concentration during the measurement period was 1.941 ppm CH 4 . Variation in CH 4 concentration was very small throughout the measurement period (CH 4 in ppm: average=1.941, max=1.988, min=1.873).
Non-methane hydrocarbons and formaldehyde
Ambient monoterpenes were sampled continuously throughout the sampling period on Tenax TA (200 mg in 1 / 4 " stainless steel tubes, 50 Nml min −1 , 120 min per sample). All sampling was done through a 1 / 2 " ozone scrubber (4 plies MnO 2 coated copper screens) and a 5 cm, 0.5 mm ID Teflon tube (to limit diffusion artefacts), placed immediately in front of each sample tube. A diffusion control tube, through which no sample flow was taken, was placed alongside the sample tubes. Twenty-four hour sampling was achieved by a system of timers, solenoid valves, and mass flow control and the sample tubes changed once a day. After sampling, the tubes were stored in a cool and dry environment. Analysis was performed by ATD-GC-MS (Automatic thermal desorption, gas chromatography and mass spectrometric detection and quantification). The main monoterpenes observed were α-pinene and 3-carene, accompanied by camphene, β-pinene, myrcene and limonene.
Formaldehyde samples were collected by drawing air through C18-cartridges (Sep-Pak, Waters) coated with DNPH (2,4-dinitrophenyl hydrazine) and analyzed using a liquid chromatograph with a mass spectrometer (LC-MS). Sampling time was 24 h and flow rate 980 ml min −1 . The measurements are described in more detail by Hellén et al. (2004) .
In this work we will use only formaldehyde and monoterpenes as non-methane hydrocarbons, other NMHC's were not measured during the campaign. In Sect. 5 we will calculate in sensitivity studies the influence of different values of our measured NMHC's concerning the OH-budget. 
Condensational sink
The aerosol condensational sink (CS) determines how rapidly molecules will condense onto pre-existing aerosols (CS, Kulmala et al., 2001b) and can be calculated from
D is the diffusion coefficient of sulphuric acid and the transitional correction factor β M is typically calculated using the expression by Fuchs and Sutugin (1971) . N is the number concentration and D p is the diameter of the particles in the i'th size class measured with a DMPS (Differential mobility particle sizer) system at dry relative humidity (CS-1 in Fig. 1 ). The hygroscopic growth rate correction for particles measured in Hyytiälä at RH=90% was included according to Hämeri et al. (2001) and further we used the growth parameterisation from Swietlicki et al. (2000) to count for the real relative humidity (CS-2 in Fig. 1 ). Finally, we also included particles larger than 500 nm, measured with an APS (Aerodynamic Particle Sizer) system and handled them in the same way as the DMPS data explained above (CS-3 in Fig. 1 ).
Observed data
In this and the following sections, we concentrate our analysis on the days of the campaigns when sulphuric acid was measured (18 March until the 8 April). Figure 1 shows the different condensational sink values discussed in the previous section, as well as the wind direction. Figure 2 presents the concentrations of NO, NO 2 and SO 2 and Fig. 3 gives the solar irradiance (UV-B: 280 to 320 nm) and temperature profiles. Further, Table 1 gives the daytime averages (between 9 a.m. and 3 p.m.) of all these parameters including H 2 SO 4 , O 3 , CO, HCHO (formaldehyde, 24-h averages), NMHC (non-methane hydrocarbon) and relative humidity for all days.
Over the whole period the average condensational sink calculated with the hygroscopicity and humidity parameterisations, explained in Sect. 2.5, were higher than those calculated from dry particle diameters by a factor of 1.35 (mean (CS-2)/mean (CS-1)).
In addition, including the coarse mode particles, measured above 500 nm, raised the condensation sink by a factor of 1.17 (mean (CS-3)/mean (CS-2)). Including all corrections for the CS values led to an overall increase of the condensational sink values calculated from the measured dry particle number concentrations and size distributions (DMPS-data: CS-1 in Fig. 1 ) to the estimated diameter of CS-3 by a factor of 1.58.
The concentrations of NO and NO 2 ( Fig. 2 and Table 1 ) are in the range of BDL (below detection limit) to 1.1 ppb (BDL -2.9×10 10 molecules cm −3 ) and 0.45 to 8.3 ppb (1.2×10 10 -2.2×10 11 molecules cm −3 ), respectively. The concentration of SO 2 was on the order of BDL to 4.6 ppb (BDL -1.2×10 11 molecules cm −3 ). Low concentrations of all three gases (NO and SO 2 =BDL and NO 2 <1 ppb) were typical during times, when less polluted air masses originated over the Northern Atlantic or the Polar region arrived at Hyytiälä. High CS-values are, in the majority of the days, accompanied by high concentrations of nitrogen oxide, nitrogen dioxide and sulphur dioxide. This rough classification agrees to a certain extent with the wind direction profile, which gives less polluted air masses during periods, when the wind direction was north-east to north-west.
The temperature profiles and the solar UV-B irradiance are plotted in Fig. 3 . On the third day (20 March) the T dav (daytime average temperature, see Table 1 ) dropped to 266.4 K, the lowest value during the campaign. The wind direction during this day was close to North and signs indicate that Polar or Arctic air masses passed over the station. After this day, the T dav increased to 279.6 K and the wind direction changed to southeast. This resulted in an increase of NO, NO 2 , SO 2 and CS. Continuing in the same manner and including 72 h backward trajectories calculated by the HYS-PLIT model (NOAA -National Oceanic and Atmospheric Administration, Rolph, 2003) We will apply this air mass classification in Sect. 5.4 to investigate the influence of different measured parameters on the radical balance and sulphuric acid concentration.
Pseudo steady state model
In order to calculate the concentrations of sulphuric acid we used a simple zero-dimensional box model (Fig. 4) . The intention was not to run a full-scale model with the complete organic and inorganic chemistry, but rather to check the consistency of our model with measured sulphuric acid concentration values. With the limited number of compounds measured in the present study, a full model including biogenic VOC chemistry would result in substantial uncertainties with respect to the calculated concentrations. Photo stationary state conditions were assumed for each of the radical species, i.e. both OH and HO 2 were assumed sufficiently short-lived that they remain in steady state with the ambient conditions. The model can be called as pseudo steady state model (see Seinfeld and Pandis, 1998) . This gives us the balance equations for the radicals:
Here P C represents the total production rate for C, and L C is the corresponding loss rate. The balance equations for both radicals can now be solved by using the measured concentrations of the other species as input parameters. We used a typically northern hemisphere value of 500 ppb for H 2 and for methane an average value of 1.941 ppm (see
) ratio is typically 0.5-0.8 (Cantrell et al., 1996 (Cantrell et al., , 1997 . Recent studies by Carslaw et al. (2002) 
In the same way, the HO 2 radical concentrations were determined. In order to solve the two coupled equations we used for each time step 10 iterations. With the achieved hydroxyl concentrations and the CS-values we further estimated the concentrations of sulphuric acid. The photolysis rates (j O3 ) for ozone were calculated by using spectral irradiance data measured by a radiospectrometer. A detailed description of the theory and the instrument is given in Boy and Kulmala (2002a) . In the same way, we calculated the photolysis rate for formaldehyde by using the absorption cross sections and quantum yields from DeMore et al. (1994) . Concerning the uncertainties of the photolysis rates, it is worth to mention that the radio-spectrometer is placed about 0.5 km away from the measuring station SMEAR II. During periods with high fraction of cumulus clouds, this could result in significant temporal differences in measured and photochemical active radiation at the station.
Results and discussion
The results were divided into four parts. In the first section, we will discuss the calculation of the hydroxyl and hydroperoxy radicals and the fraction of the sinks and sources of these species. The next sub-section will give a comparison between the measured and calculated sulphuric acid concentrations and show the closure. Also sensitivity studies of the influence of some key parameters were performed. In the following sub-section we determine the contribution of the sulphuric acid molecules to the particle growth rates. In the end of this section, we use the air mass classification given in Sect. 3 and point out the differences of some variables. Figure 5 gives the calculated hydroxyl and hydroperoxy radical concentrations for the selected period. The daily maxima for the OH and the HO 2 species are in the range of 4.1×10 5 to 1.8×10 6 molecules cm −3 and 1.0×10 7 to 1.5×10 8 molecules cm −3 , respectively. The calculated values are in agreement with earlier model calculations for the same site (SMEAR II) by Hakola et al. (2003) . Figures 6  and 7 show the diurnal contributions of the different sink and source terms for both radicals, averaged for the selected days and Table 3 gives some statistical parameters concerning these calculations. The nomenclature of sink and source terms in this context is somehow controversial, although often used in the literature. However, during this work we will retain the terms and point out that different opinions concerning the use of sink and source terms in this context exist. Concerning the daytime averages of the whole period more than 55% of the OH production results from the reaction of hydroperoxy radicals with nitrogen oxide and around one third is produced by the photolysis of ozone and the following reaction of the exited oxygen molecules with water vapour. The reaction of ozone with HO 2 contributes only 10% to the OH concentration. However, during single days like for example the 23 March with high values of solar irradiance (see Fig. 3 ) and low concentrations of NO (see Fig. 2 ) the photolysis of ozone contributes close to half of the hydroxyl radical concentration. During the 21 days, the Reactions 1 to 3 of Table 2 participate in the OH-formation with 20-49%, 33-73% and 1-20%, respectively.
For the various sink terms of the OH radicals (Reactions 4-10 and 14 of Table 2 ) the dominating ones with over 83% concerning the daytime averages are the three reaction of OH radicals with CO (≈41%), NO 2 (≈30%) and CH 4 (≈13%). All the other reactions contribute together less than 17% to the decrease of the hydroxyl concentration. Worth mentioning is that the reaction of the non-methane hydrocarbons with the OH radicals can reach up to 9.1% on single days. However, comparing this result with earlier publications (Carslaw et al., 2002 and Handisides et al., 2003 ) the fraction of the NMHC in the OH-balance in our calculations is low. The reason for underestimating the influence of the NMHC comes from the fact, that monoterpenens and formaldehyde were the only non-methane hydrocarbons measured during the QUEST campaign. We will consider this in the next subsection and use different values for the NMHCs in sensitivity studies. In the same way as above we calculated the contributions of the single reactions to the production (Reactions 6-11 Table 2) and loss (Reactions 2, 3, 12 and 13 of Table 2) of the hydroperoxy radicals. The HO 2 production comes in average with more than 53% through the reaction of OH with CO. All other reactions play a minor role here, contributing between 4 to 17%. The loss terms for this radical are even more strongly dominated by one term, which is the reaction of NO with HO 2 (average=75%). During single days, this term contributes up to 98% to the decrease of the hydroperoxy concentrations.
H 2 SO 4 concentrations
In this section, we calculate sulphuric acid concentrations using the condensational sink values (see Sect. 2) and perform sensitivity studies for several parameters to investigate the influence of certain variables. Table 4 gives the selected values for three different variables (NMHC, RO 2 and NO 2 ) and the means and standard deviations of the ratios (9 a.m. to 3 p.m.) between measured and calculated sulphuric acid concentrations. We also investigate the closure between measured and calculated values. The overall goal of these sensitivity studies are not to modify data to reach the best fit with the measured sulphuric acid concentration, but to investigate the possible uncertainties and the resulting effects of different relevant parameters.
The concentrations of the non-methane hydrocarbons consist in this work only of measurements from monoterpenes.
Isoprene and other NMHC's were not measured during the campaign. However, from exploratory measurements made at Hyytiälä in April, 1999 (Janson, unpublished data) as well as from EMEP VOC data (e.g. EMEP/CCC Report 7/2001), we would expect reactive alkene concentrations, such as ethene, propene, and butene, to be on the order of tens to hundreds of ppts, and less reactive aromatics, like benzene and toluene, to be a few hundred ppts and tens to a hundred ppts, respectively, depending greatly on the air mass trajectory. The natural sources for isoprene, in the Nordic countries, are Norway spruce and Sphagnum moss in wetlands. However, the emission of isoprene from these sources, especially from wetlands, should be very low at this time of year (Janson and De Serves, 1998) . Therefore, we would expect our NMHC concentrations to be on the order of a factor 2 too low. We used twice and four times higher values from the monoterpenes to investigate the behaviour of different NMHC-values on the OH-budget and so on the sulphuric acid concentration. The results presented in Table 4 under scenario 1 (SC-1) indicate that the mean measured sulphuric acid concentrations are 16% higher than the calculated ones. Increasing the concentrations of the non-methane hydrocarbons by factors of 2 and 4 (SC-2 and SC-3, Table 4 ) increased the gap between measured and calculated H 2 SO 4 concentrations from 16 to 17 and 19%, respectively (=decrease of our calculated H 2 SO 4 concentrations compared to measured ones by 1 and 3%). The reason is simple to understand. A larger NMHC load increases the competition for the OH radical and thereby decreases the rate of reaction for SO 2 .
Peroxy radicals are the sum of HO 2 and RO 2 . The concentrations of the first one were calculated using our model (see Sect. 3). The relation of RO 2 to HO 2 was discussed in Sect. 4 and now we used different values for this ratio. Using half or quarter values of RO 2 compared to HO 2 increased the calculated sulphuric acid concentrations by 4 and 6%, respectively (SC 4a and b, Table 4 ). A decline of 6 and 11% was achieved by doubling and quadrupling the fraction of RO 2 compared to HO 2 (SC 5a and b, Table 4 ). The peroxy radical contributes on single days up to 20% to the sink terms of the hydroperoxy radicals and decreases thereby significantly the sources for OH. However, the RO 2 concentrations are maybe overestimated since the reaction of this radical with NO is neglected and its reaction rates can be much higher than the HO 2 -RO 2 rates under certain conditions, which leads to an important decrease of the RO 2 concentrations. For this reason we will use the ratio of [HO 2 ]=[RO 2 ] during the rest of this manuscript.
As a last variable we investigated the effect of NO 2 concentration. The chemiluminescence analyzer used for detecting NO and NO x was not NO 2 specific. Its catalytic converter used to measure NO 2 after reduction to NO reduces also other oxidized nitrogen species. Therefore the NO 2 concentration readings (obtained as the calculated difference between the measured NO and NO x concentrations) may have interference of HONO, HNO 3 , PAN and other organic nitrates. Especially during the time when the wind transported higher polluted air masses from the South to Hyytiälä the NO 2 mixing ratios increased up to 5 ppb and higher. However, no measurements concerning the real nitrogen dioxide fraction exist, and for this reason, we selected during times with high NO 2 concentrations two different scenarios (NO 2 -SC I and II, Table 4 ). The result of these sensitivity studies (SC 6 and 7, Table 4) demonstrates the high effect from the nitrogen dioxide concentration. A decrease of 20% for NO 2 >1.5 ppb and 40% for NO 2 >2 ppb increases our calculated sulphuric acid concentrations compared to the measured ones by 18%. We selected a high limit decrease of nitrogen dioxide because of an increased emission of PANs during periods the air masses originated from industrialised areas. The atmospheric lifetime of the PAN-molecules in the temperature range 273-298 K lies between 0.5 and 8 h (Seinfeld and Pandis, 1998).
In SC 8 we combined the results by including modified values from two discussed parameters (NMHC were multiplied by a factor of 2 and NO 2 were modified by scenario NO 2 -SC II, see Table 4 ). The ratio between measurements and calculations reached now a value close to unity and the standard deviation decreased to 0.412. The results indicate that the selected assumptions produce the best agreement compared with the measured H 2 SO 4 concentrations. Figure 8 shows the measured and calculated (SC 8, Table 4 ) sulphuric acid concentrations from the 18 March until the 8 April. The mean daytime (6 a.m. to 6 p.m.) correlation coefficient between the two curves (measured and calculatedby SC 8 -H 2 SO 4 ) is 0.645 with a standard deviation of 0.23. The maximum midday sulphuric acid concentrations varied between 3×10 5 to 1.9×10 7 molecules cm −3 for the measurements and 3×10 5 to 1.4×10 7 molecules cm −3 for the calculations, respectively. Some peaks of H 2 SO 4 in the evening (e.g. 24, 27, 28 March and 2 April) were not produced in our calculations. However, as mentioned already in Sect. 1 we exclude night time chemistry in this work and therefore our photo stationary model cannot calculate any OH concentrations after sunset. On some days (e.g. 25 or 28) the calculated sulphuric acid concentrations exceeds the measured ones clearly (factor between 2-4). These days are also the days with the lowest condensation sink values. One explanation might be the fact that during times with low CS-values air masses mostly originated over the Atlantic or Polar region containing high amounts of sea-salt aerosols. These aerosols normally are more hygroscopic compared to particles originated from industrialised regions, like Central Europe or England and so our hygroscopic growth factors would be too small. In the next two sub-sections we will use calculated sulphuric acid concentrations achieved by using the settings of scenario 8 (see Table 4 ).
According to our results and sensitivity analysis, we can see that the sulphuric acid concentrations can be estimated reasonably. The calculated results are typically within 20(%) of the measured values and almost always within 50(%) from each other. However, there are cases where the error is potentially much larger. As an overall error estimation we can consider errors related to sinks and sources of sulphuric acid. The source is related to OH concentration times sulphur dioxide concentration. The error related to OH concentration is probably within the range of 0.5-2.0 times the real value (see Table 3 ), and the error related to SO 2 concentration is within 5%. The sink term is actually the condensation sink. In our analysis we have used accommmodation coefficient of unity, and the other sources of error is related to determination of ambient aerosol size distribution. This will cause uncertainty of 20%. Altogether the maximum error in sulphuric acid concentration is in the range of 0.4-2.5 times the actual concentration.
Particle growth rates
With the sulphuric acid concentrations (C H 2 SO 4 ), we can now calculate the particle diameter growth rates in the nucleation mode between 3 and 25 nm (Kulmala et al., 2001b) by
Here m H 2 SO 4 is the molecular mass, ρ H 2 SO 4 is the liquid density and D H 2 SO 4 is the diffusion coefficient of sulphuric acid. β m is the transitional correction factor for the mass fluxes (Fuchs and Sutugin, 1971 ) and D p is the particle diameter. Equation (4) can be integrated from D po to D p to obtain:
Here, α is accommodation coefficient (i.e. sticking probability, a value of one were used for all particles and conditions in this work), λ is the mean free path of the sulphuric acid molecules and t is the time step. Table 5 gives the growth rates based on particle number size distributions from DMPS-measurements and the growth rates determined with Eq. (4) from measured and calculated sulphuric acid concentrations for all days, when high amounts of small particles above 3 nm were visible on the DMPS-plots (particle formation periods). The growth rates from the DMPS data plots were estimated visually. Due to the somewhat inaccurate nature of this method, an uncertainty by a factor of two has to be taken into account. Boy et al. (2003) estimated a growth rate fraction for sulphuric acid of 4-31% by analysing two years of data from the field station in Hyytiälä, Finland. Both growth rate fractions determined with the measured and calculated sulphuric acid concentrations are in the lower range of this earlier estimations (dD p /dt average =8.8%). The result indicate, that the concentration of sulphuric acid seems always to be high enough during particle formation periods to participate in the growth process of the aerosols and can reach on certain days fractions up to 17% and most probably higher.
Air mass influences
In the last sub-section we will use the air mass classification discussed in Sect. 3 and investigate the trend of certain parameters under different aerosol loads. Hereby we will only use these days from the classification from Sect. 3 where particle formation occurred (see Table 5 ). Table 6 present the event-time (particle formation periods) averages for several gases, the condensational sink and the growth rates as mean values during the "clean" and "polluted" air mass periods. The high anthropogenic influence during the more polluted days was reflected in two to six times higher concentrations of SO 2 , NO 2 and NO. Traffic, industry and households mostly emitted these species. Ozone and carbon monoxide are approximately in the same range in both air mass classes. Mainly the combination of six times lower NO concentrations -main source term of the OH radicals -and three times lower NO 2 concentrations -beside CO, the second important sink term of the OH radicals -led to a nearly equal concentration of hydroxyl radicals in "clean" and "polluted" air masses. Carslaw et al. (2002) presented measured OH and HO 2 concentrations at Mace Head, Ireland for air masses originated from France, UK and Polar regions. Their results agree with ours in that the hydroxyl radical concentrations in all air masses are about equal and that the hydroperoxy radical concentrations are approximately double during the periods the air originated from the Northern regions.
Concerning the "clean" and "polluted" air masses, 2.6 times lower CS values during the times when the air originated over the Atlantic or the Polar region was detected, which reflects the higher load of aerosols during days when the air masses are originated from more industrialised regions. The difference of this parameter combined with three times higher concentrations of sulphur dioxide during more polluted periods resulted in about equal sulphuric acid concentrations in our calculations; the measured H 2 SO 4 concentrations led to a slightly higher ratio ("polluted"-H 2 SO 4 /"clean"-H 2 SO 4 =1.46). The difference of 46% in the H 2 SO 4 concentrations between the calculations and measurements could result from different compositions of the aerosols and consequently different hygroscopic growth factors. Especially during the "polluted" periods, high amounts of soot particles with growth factors close to unity are accompanied. The effect of such low hygroscopicity aerosols results in lower CS-values, and consequently, in higher sulphuric acid concentrations.
Concerning the growth rates of particles, a 1.5 times higher value was determined with measured aerosol number size distributions during days when the air originated from Central Europe or UK. The fact that clear particle formation events occur more often during days with less aerosol load was pointed out in many publications like e.g. Boy and Kulmala (2002b) or Clement et al. (2001) . However, the nearly identical contribution of sulphuric acid to the particle growth during the "polluted" periods compared to the "clean" days is unexpected. These results indicate that sulphuric acid always participated during the time of the campaign between 3 to 17% in the aerosol condensation growth of the nucleation mode particles. Table 4 ; GR classes see Table 5 ). 
Summary and conclusions
In this work, we used measurements from the QUEST field campaign conducted in Hyytiälä during March and April 2003. Among many other parameters, sulphuric acid was measured continuously on 21 days. We concentrated our analyses on daytimes (9 a.m.-3 p.m.) during this period. The measured concentrations were compared with calculated ones, achieved by a simple pseudo steady state box model including photo stationary states. Further, we estimated the particle growth rates for the nucleation mode aerosols determined by measured particle number concentrations with size distributions and from the concentrations of sulphuric acid.
In the end, we classified the days with air masses originated from Europe or UK and from the Atlantic or Polar region to investigate the influence of several variables on the OH and H 2 SO 4 concentrations and on the particle growth rates.
As a first result we presented the importance of the various sink and source terms in the OH and HO 2 radical balance as mean values for the selected time. Nitrogen oxide was the dominant source term (mean contribution=55.9%) and carbon monoxide the key sink term (mean contribution=41%) in the hydroxyl radical balance. The same two components play also the major role in the hydroperoxy radical balance with opposite signs (mean source contribution by CO=53.8% and sink by NO=75.7%). The daily maxima for the OH and the HO 2 species are in agreement with earlier model calculations by Hakola et al. (2003) for the same site, with values of 4.1×10 5 to 1.8×10 6 molecules cm −3 , and 1×10 7 to 1.5×10 8 molecules cm −3 , respectively.
In sensitivity studies we investigated the influence of nonmethane hydrocarobons, peroxy radicals and nitrogen dioxide on the concentration of sulphuric acid. By comparing our calculated values of sulphuric acid with the measured ones, we gained the best agreement by decreasing the nitrogen dioxide concentrations during periods when high-polluted air arrived at the SMEAR II station from south to south-east, and by doubling the NMHCs. Using these assumptions, the mean ratio for the whole period between measured and calculated H 2 SO 4 concentrations reached a value close to unity with a standard deviation of 0.412. The investigated sulphuric acid closure thus achieved a high agreement between the calculated and measured sulphuric acid concentrations.
With the measured and calculated sulphuric acid concentrations, we calculated particle diameter growth rates. In addition we estimated the particle growth rates through the DMPS data and defined the contribution of sulfuric acid to the particle growth rates. The average value of 8.8% were in the lower range of earlier estimations by Boy et al. (2003) for the same site (4-31%). This indicates that the concentration of sulphuric acid seems always to be high enough during particle formation periods to participate in the growth process of the aerosols and can reach on certain days fractions up to 17% and most probably higher.
We classified days in two categories by using measurements and 72 h back trajectories from HYSPLIT:
-Polluted air masses originated over Central Europe or UK with high concentrations of SO 2 , NO 2 and NO ( average: 1.74×10 10 , 4.16×10 10 and 4.68×10 9 molecules cm −3 , respectively) and also high CS values (average 0.0029 s −1 ).
-"Clean" air masses originated over the North Atlantic or Polar region with 2 to 6 times smaller SO 2 , NO 2 and NO concentrations (average: 6.07×10 9 , 1.72×10 10 and 7.91×10 8 molecules cm −3 , respectively) and about 2 to 3 times smaller CS values (average 0.0011 s −1 ).
The results of this analysis showed, that the growth rates determined by DMPS-measurements during "polluted" air periods are by a factor of 1.45 higher compared to the "cleaner" days. The contribution of sulphuric acid to the growth rates is approximately equal. Obviously sulfuric acid is involved (fraction between 3 to 17%) in new particle production and growth of aerosols over boreal forest regions in Northern Europe, although it might be not the key parameter in the particle formation process itself.
